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Abstract:
Antibiotic resistance is a world health crisis which demands research on alternative
antimicrobial compounds. Research shows that many plant essential oils and their
individual constituents possess antibacterial, antiviral, and antifungal properties. Here, we
assess the likelihood of resistance emerging to Cinnamon Bark oil or Tea Tree oil in
Staphylococcus aureus isolates gathered from organic dairy farms in Vermont. Isolates
were exposed to sub-lethal levels of the oils over a period of 20 days, and were also
exposed to a sub-lethal concentration of Penicillin over a period of 12 days. Isolates
exposed to penicillin experienced an increase in their minimum inhibitory concentration
(MIC), but there was no change in the tolerance to essential oils. Additionally, while the
proportion of resistant individuals increased after exposure to penicillin, the proportion of
resistant individuals decreased after exposure to essential oils in two out of three isolates.
These findings support continued effort to integrate essential oils into the fight against
drug-resistant bacteria in the fields of medicine, agriculture, and food preservation.
Introduction:
Antibiotic-resistant and multi-drug resistant strains of bacteria have recently
begun to present a world health problem (“Antibacterial Agents In Clinical
Development”, 2017). Existing drugs are becoming ineffective against increasingly
resistant populations of microorganisms. Additionally, it is predicted that even a global
decrease in clinical antibiotic use would not stimulate a significant decline in the
proportion of antibiotic-resistant bacteria (Andersson & Hughes, 2010)
. This suggests that alternative antimicrobial substances are required to kill
resistant strains.
Resistance to existing antibiotics can emerge in an individual microbe either
through mutation or through the acquisition of mobile genetic elements. Once an
individual obtains genotypic resistance, the advantageous gene is selected for as long as
the drug is present in the environment, and the proportion of individuals possessing the
resistance gene or genes in the population will subsequently increase. This process has
frequently been demonstrated in vitro. In one such experiment, individual strains of
bacteria developed tolerance to either streptomycin, spiramycin, or erythromycin in under
two months (Zanella et al., 1998). Additionally, tolerance to antibiotics is generally
accompanied by tolerance to drugs with similar properties. The presence of a sub-lethal
level of antibiotic is the main driving force in the development of drug resistance.
Resistance genes will often be selected against in the absence of the drug because they
are generally accompanied by decreased fitness under normal conditions.
One group of alternative antimicrobial compounds that have been suggested for
use in both food preservation and medicine are plant essential oils (EOs) and their
individual constituents. The oils exhibit antibacterial, antifungal, and antiviral properties.
The active component(s) of the oil depends on the plant from which it is derived. For
example, the monoterpenes carvacrol and citral, among others, have been isolated from
Tea Tree (Melaleuca alternifolia) oil, and have demonstrated antimicrobial properties
(Chueca et al., 2016). The most abundant compound in cinnamon bark oil, which also
possesses strong antimicrobial properties, is cinnamaldehyde (Ooi et al., 2006). The
mechanism by which plant essential oils inhibit cell growth is only partially understood,
and also varies by oil. It has been suggested that essential oils may disrupt the cell
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membrane of bacterial cells (Cox et al., 2000, Bakkali et al., 2008), inhibit respiration
(Cox et al., 2000), prevent replication (Sessa et al., 2015), and interfere with signaling
related to quorum sensing (Szabó et al., 2010).
Essential oils show increased effectiveness against biofilm-forming pathogens in
comparison to traditional antibiotics (Kavanaugh & Ribbeck, 2012, Feng et al., 2017).
Biofilms are common in pathenogenic species (Borges et al., 2015) and may support the
growth of persister cells, which exhibit increased tolerance to antimicrobials (Waters et
al., 2016). Feng et al. reported that Oregano oil, Cinnamon Bark oil, Clove Bud oil, and
Citronella oil all showed higher anti-persister activity than the anti-persister drug
daptomycin at a concentration of 0.25% (v/v) (2017). Additionally, Cinnamon Bark,
Clove Bud, and Oregano oil all eradicated every viable cell at this concentration.
Some studies suggest that combining traditional antibiotics with essential oil
treatments results in a lower effective dose of antibiotic needed to cure infection (Sessa et
al., 2015). It has also been suggested that low levels of essential oils in processed food
may work as safe preservatives (de Souza, 2016). This leads to the question of whether or
not sub-lethal levels of essential oils or drugs in the presence of essential oils will
promote antimicrobial resistance. Da Silva Luz et al. report no significant change in the
tolerance of Salmonella typhimurium to Oregano essential oil after exposure at sub-lethal
concentrations (2012). Another study reported that the presence of either Tea Tree oil or
its component Terpinen-4-ol did not significantly alter the acquisition of resistance to
antimicrobials when used alone or in conjunction with antibiotics (Hammer et al., 2012).
In the aforementioned study, an increase in tolerance to the oil and Terpinen-4-ol were
observed within six days of exposure, but the increase was low compared to the change in
resistance to traditional antibiotics.
The goal of this experiment was to determine whether Staphylococcus aureus
isolates from Vermont organic dairy farms can acquire resistance to Tea Tree oil or
Cinnamon Bark oil by long-term exposure to sub-lethal levels of the antimicrobials.
Bacterial resistance to essential oils is not widely documented, and should be investigated
at length before commercial use of EOs in therapeutics or food preservation becomes
widespread. I used exposure to a sub-lethal level of penicillin as a positive control to
compare the time it takes for resistance to emerge in response to traditional and
alternative antimicrobial treatments. Because essential oils contain many different
compounds that inhibit bacterial growth and may operate using multiple mechanisms, I
expected that resistance acquired would take longer to occur in response to essential oils
than to penicillin. Lastly, I expected that the proportion of individuals in a given
population that were resistant to a treatment would increase over time, but that rate of
increase would vary depending on the antimicrobial being applied.
Materials and Methods:
Selection of Isolates
Three S. aureus isolates were selected from a library of isolates obtained from a field
study of S. aureus prevalence among 42 organic dairy farms in Vermont (Mugabi et al.,
unpublished). Isolates were selected to represent common strain types observed in the
original study population, including isolates susceptible and resistant to conventional
antimicrobials. The most common resistance among the pool of isolates in the original
study was to the beta-lactam class of antibiotics (e.g. ampicillin and penicillin), with 16%
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of isolates at or above the resistant break-point (0.25 ug/ml) defined by Clinical
Laboratory Standards Institute (CLSI, 2015). At the beginning of the experiment, isolates
were recovered from frozen storage, grown over night on blood agar at 37°C, and
visually assessed for purity.
Determination of MIC
The minimum inhibitory concentration of each oil and of penicillin was determined for
each isolate using a two-fold agar-dilution series. Relevant literature was used to inform
the range of treatment concentrations tested for essential oils (Hammer, et al., 1999) and
penicillin (Mugabi, et al., unpublished). All the plates used to determine MIC values were
made in the lab and, due to the volatile nature of essential oils, used within two weeks of
being poured to eliminate variation in antimicrobial concentration. To make penicillin
plates, a liquid penicillin stock was added directly to Mueller-Hinton agar which had
been sterilized and cooled to 45-50 degrees Celsius. To make tea tree oil and cinnamon
bark oil plates, the oil was first dissolved in an emulsifying agent (Tween 80), then added
to sterilized Mueller-Hinton agar at 45-50 degrees Celsius. The final concentration of
Tween 80 present in oil-containing plates was 0.2% (v/v). The lowest concentration of
drug or oil on which an isolate could no longer grow to an extent that was comparable to
growth on plain media was deemed the minimum inhibitory concentration.
Serial Passages
Serial passages were performed at one half or one quarter of the MIC. Before starting a
serial passage, isolates that had been recovered from frozen storage were grown
overnight in an incubator at 37° C in tryptic soy broth. Next, each bacterial suspension
was diluted to a 0.5 McFarland turbidity standard, and 100 μL of the standard was
pipetted onto a plate of Mueller-Hinton agar containing a sub-lethal concentration of the
treatment. The plate was incubated overnight at 37° C. The next day, all of the growth on
the plate was scraped up using an L-shaped spreader and suspended in sterile buffered
water. A sample of this suspension was then diluted to 0.5 MF and 100 μL of the
standard was plated on another plate of the same treatment concentration. The process
was repeated for 20 growth cycles for the oil treatments and 12 growth cycles for the
penicillin treatments. For tea tree oil and cinnamon bark oil, two separate trials of 20
growth cycles were completed, beginning on different days, for each of the three isolates.
Three trials, each 12 days long, were completed on penicillin for S. aureus isolate OF 801. The penicillin trials were included to serve as a positive control, so that the
acquisition of antimicrobial resistance in the presence of a man-made antibiotic could be
compared to resistance patterns in the presence of naturally derived plant oils.
Tolerance Checks
After each growth cycle, a 100 μL sample of the undiluted bacterial suspension recovered
from the serial passage plate was pipetted onto another Mueller-Hinton plate containing a
concentration of drug or oil equal to the MIC value for the isolate and incubated
overnight at 37°C. The next day, the plate was assessed and data was recorded in terms of
“growth” or “growth inhibited”. Growth was determined to be inhibited if there were no
visible individual colonies similarly sized to those growing on a plain Mueller-Hinton
agar plate or a Mueller-Hinton plate containing a sub-lethal concentration of the
treatment. If individual colonies comparable in size to those growing on a sub-MIC
concentration of the treatment were present, a result of “growth” was recorded for that
day.
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Measuring CFU
The number of colony-forming units present during the serial passages was measured
every fourth day, beginning at day zero, using a serial dilution method. A series of tenfold dilutions (101 to 109) of the suspension recovered from the serial passage plate of the
corresponding day were plated on both Mueller-Hinton agar with a treatment
concentration equal to that used for the serial passages as well as plain Mueller-Hinton
agar. This allowed us to estimate the number of bacteria resistant to the treatment as a
proportion of the total CFU using the function:

𝐶𝐹𝑈
(𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡)
𝑚𝑙
𝐶𝐹𝑈
(𝑐𝑜𝑛𝑡𝑟𝑜𝑙)
𝑚𝑙

= % 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑡.

Readable plates were selected from the dilution series for each day of each trial
and a CFU count was estimated based on each. The plate chosen from each series showed
the highest colony count that fell within the range of 20-200 colonies. If none of the
dilutions produced a plate within this range, the trial was omitted from the final data set.
Exceptions to this were: a) if no growth was seen on any of the serial dilution plates
within a range of dilution factors of 101 to 109, the CFU was determined to be beneath the
limit of detection, and the CFU for that time point was included in the final data set as 0
cfu/ml, and b) if neither of the trials produced a plate within this range, the plate with the
next highest number of observed colonies was used in order to avoid omitting a day from
the final data set altogether. Data points derived in this way are shown in red. CFU
estimates (in CFU/ml) for the same day of different trials were averaged, but no measure
of variation could be determined due to the limited number of trials performed (two trials
on oils, three trials on penicillin).
Data Analysis
CFU estimates were calculated and analyzed using Microsoft Office Excel. A preliminary
statistical analysis was performed in JMP® Pro (version 12.1.0) that measured the effects
of strain type, treatment, and time as factors influencing CFU/ml. In a univariant model,
strain type was not a significant predictor of CFU/ml. In order to potentially improve
power and number of replications, observations for individual strains were merged into
one model, in which time was the variable of interest.
Results:
The minimum inhibitory concentration of tea tree oil was determined to be 0.5% (v/v) for
all the isolates used. At this concentration, the size and number of colonies was visibly
reduced. In order to support robust growth, an oil concentration of 0.25% was used for
the serial passages. A concentration of 1.0% was used to assess the tolerance of the
isolates to a concentration of the antimicrobial above the MIC throughout the experiment.
The MIC of cinnamon bark oil was determined to be between 0.03% and 0.06 % (v/v) for
all three isolates. A concentration of 0.03% CBO was therefore used for the serial
passages, and a concentration of 0.06% was used to perform tolerance checks.
Isolates OF 17-33 and OF 21-05 were resistant to penicillin at a concentration of
50 μg/ml, and were therefore eliminated from trials intended to increase penicillin
resistance. OF 8-01 was susceptible to penicillin, with an MIC between 0.05 and 0.1
μg/ml. Serial passages were performed for OF 8-01 on Mueller-Hinton agar containing
0.05 μg/ml penicillin for days 0-6, and the concentration was increased to 0.1 μg/ml for
days 7-12. Tolerance checks were performed at 0.1 μg/ml penicillin.
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Positive growth was measured at 0.1 μg/ml penicillin in all three trials after 5
days of growth at a sub-MIC level of the antimicrobial, and positive growth was seen as
early as two days after serial exposure began (Table 1). Additionally, positive growth was
maintained for the remainder of the experiment and was recorded at 0.2 μg/ml penicillin
in all three trials on day 12 of the serial exposure to penicillin (data not shown).
Neither essential oil showed positive growth on all trials for any of the 20 days for
which tolerance to high (above MIC) levels of the antimicrobial was assessed (Table 1).
All three isolates grew at least once in the presence of 1.0% TTO, but appeared to remain
susceptible to the treatment on subsequent days. For cinnamon bark oil, isolates OF 1733 and OF 21-05 showed inconsistent growth on 0.06% oil on days 18-20, and OF 8-01
showed four consecutive days of growth at the end of one trial, but no growth in the
other.
The number of viable colonies that grew on a sub-inhibitory concentration of
penicillin increased by an average of 7.52 x 108 CFU/ml throughout the course of the
serial passages (figure 1a). The number of colonies viable in the presence of suninhibitory concentrations of tea tree oil decreased for all three isolates throughout the
course of the serial passages (figure 1). For OF 8-01, there was a decrease of 8.63 x 108
CFU/ml, on average, between days 0 and 20. For isolates OF 17-33 and OF 21-05 there
were decreases of 7.52 x 107 CFU/ml and 6 x 107 CFU/ml, respectively. In the presence
of sub-lethal concentrations of cinnamon bark oil, the number of viable colonies
decreased by 7.83 x 107 CFU/ml and 2.75 x 105 CFU/ml for isolates OF 8-01 and OF 1733, respectively, over the course of the serial passages. Isolate OF 21-05 showed an
increase of 1.38 x108 viable colonies in the presence of low levels of cinnamon bark oil
over the course of 20-day serial passages (figure 1c). All three isolates also experienced a
reduction in the number of viable colonies growing on low levels of cinnamon bark oil
between days zero and four, followed by a period of increasing CFU that extended to the
end of the serial passages. This pattern was not observed in tea tree oil or penicillin trials.
Due to the small sample size and limited number of replications in this study, strain type,
treatment, and time were not determined to be significant influences on bacterial
population density within the 20-day serial exposure experiments. Additionally, when
strain type was ignored and the data were merged, time was still not a significant
influencer of CFU/ml.
The ratio of viable cells growing on low levels of antimicrobial to viable cells
from the same sample growing on plain media was interpreted as the proportion of cells
expressing resistance to the antimicrobial. Penicillin had the lowest proportion of
resistant cells on day zero, at less than one percent of the total CFU, compared to
cinnamon bark oil (8.3%) and tea tree oil (101%) for isolate OF 8-01 (figure 2a). The
increase in the proportion of resistant colonies between days zero and four was the
highest (+146%) in the presence of 0.05 μg/ml penicillin, and OF 8-01 showed a
decreased proportion of resistant colonies in the presence of both essential oils during the
same time period. The proportion of colonies resistant to tea tree oil also decreased in the
first four days of the trials for OF 17-33 and OF 21-05 (figure 2b, c). The proportion of
resistant colonies increased slightly in the first four days of exposure to cinnamon bark
oil for OF 17-33 (+0.2%) and OF 21-05 (+23%).
Over the course of the serial passages, OF 8-01 showed an increase in the
proportion of individuals resistant to penicillin at a concentration of 0.05 μg/ml (+93%),
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and a decrease in the proportion of resistant individuals in the presence of 0.25% tea tree
oil (-92%) and 0.03% cinnamon bark oil (-8%). Isolate OF 17-33 demonstrated decreased
resistance to low levels of tea tree oil (-55%) and cinnamon bark oil (-0.6%). Lastly,
isolate OF 21-05 showed an increase in the proportion of individuals resistant to tea tree
oil (+2%) and cinnamon bark oil (+11.7%) over the course of 20 days of serial exposure
to the oils. In a combined model using data from all three isolates, there was an increase
of 1% in the proportion of the population expressing resistance to cinnamon bark oil, and
there was a decrease of 48% in the proportion of the population expressing resistance to
tea tree oil. For both oils, there was no statistically significant effect of time on the
proportion of resistant individuals in the population (p>0.05).
Discussion:
Resistance to penicillin at its MIC of 0.1 μg/ml was consistently observed in days 5-12 of
serial exposure trials, but resistance to essential oils was not consistently observed, even
through 20 days of exposure. This supports the hypothesis that resistance to essential oils
develops more slowly than resistance to traditional antibiotics. Isolates OF 17-33 and OF
21-05, which are resistant to penicillin at a concentration of at least 50 μg/ml, did not
appear to react differently to low-level exposure to essential oils compared to the
penicillin susceptible isolate OF 8-01. This, along with previous data supporting the use
of essential oils to kill multi-drug resistant bacteria, suggests that the mechanisms of
resistance to traditional antibiotics and plant essential oils are mostly independent
(Naveed et al., 2013).
I expect that the development of resistance to antimicrobials by formerly
susceptible populations of isolates comes about via selective pressure on an existing
heterogenous population or novel mutations occurring throughout the experiment. This is
supported by the rapid expansion of the penicillin-resistant population of S. aureus isolate
OF 8-01 in the presence of the drug (Figure 2a), as well as the increase of MIC in the
population from 0.1 μg/ml to greater than 0.2 μg/ml by the end of the 12-day experiment
(data not shown). Heterogeneity in these laboratory populations of S. aureus is also
supported by the proportion of resistant isolates on a given day almost never being equal
to one, as well as large changes in this proportion over time (Figure 3). Many essential
oils have been shown to have anti-mutagenic properties because they contain abundant
antioxidants (Bakkali et al., 2008, Chueca et al., 2016). Assuming resistance to essential
oils is also genetic and is acquired via random mutation, this could explain the apparent
lag in resistance acquisition in this experiment. The use of essential oils rather than their
individual components also demands the acquisition of multiple beneficial mutations due
to the complex, multifactorial nature of antimicrobial action of the oils. It would be
beneficial to continue the experiment to 30 or more days of serial exposure to assess
whether resistance can eventually be consistently observed, as this would further clarify
the likelihood of bacteria overcoming the combined cytotoxic and anti-mutagenic effects
of plant oils.
The consistent dip in the population of all three isolates on day four of growth on
cinnamon bark oil was not observed in response to any of the other treatments (figure 2).
This decrease in viable CFU followed by a slow increase in the resistant population, is
consistent with the “lag phase” of Zygosaccharomyces bailii, described by Stratford et
al., in response to exposure to the natural preservative sorbic acid (2014). The authors
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suggest that heterogeneity in the population of bacteria leads to a decreased rate of
survival in the presence of sorbic acid. The surviving cells experience a lag in growth that
lasts approximately four days before entering a period of exponential growth.
Additionally, the isolates rapidly revert to becoming largely non-resistant in the absence
of the weak acid, suggesting that resistant mutants fail to outcompete susceptible
individuals under standard conditions. In this experiment, reduced CFU counts on day
four of cinnamon bark trials are consistently followed by a bounce back on day eight. For
isolate OF 21-05, CFU continues to increase on subsequent days and the average
proportion of resistant individuals is higher at the end of the trial than on day zero. The
same is not true for isolates OF 8-01 and OF 17-33, for which CFU appears relatively
stable in the presence of low levels of cinnamon bark oil from day eight on, and which,
on average, experience a decrease in the proportion of resistant isolates between days
zero and twenty of serial passages.
In order to measure the proportion of resistant isolates throughout the serial
passages, samples of bacteria were taken from those undergoing serial exposures and
grown on Mueller-Hinton plates containing sub-inhibitory concentrations of essential oil
or penicillin and plain Mueller-Hinton plates. Lower CFU measurements on cinnamon
bark oil than on plain media (indicated by the low proportion of resistant isolates
throughout trials) is consistent with a rapid return of the susceptible proportion of a
population in the absence of the oil. This pattern is also evident in every day of the
penicillin exposures, excluding day 4, and every day of the tea tree oil exposures,
excluding day zero for OF 8-01. We know that resistance to penicillin demands a fitness
trade-off, so non-resistant individuals outcompete resistant individuals on plain media.
The similar patterns of growth between isolates exposed to penicillin and essential oils
here supports the existence of a similar fitness advantage associated with oil
susceptibility under normal conditions.
Despite the similarities between the treatments in terms of the bacteria’s behavior
post-exposure, tolerance to antimicrobials does not appear to provide a comparable
advantage in the presence essential oils compared to penicillin. While the population of
penicillin-resistant individuals increased rapidly throughout the period of serial exposure,
S. aureus isolates experienced decreased tolerance in terms of CFU in the presence of
low levels of oils and the proportion of resistant individuals in almost all cases. This
could be due in part to the nature of the experiment. Since the samples of bacteria
recovered from the serial passage plates were diluted before being passed on a new plate,
and there is evidence that very small populations of resistant individuals exist in the
presence of natural antimicrobials, it is possible that emerging resistant individuals were
excluded from subsequent passages. This could also explain why, in all cases of
resistance to higher levels of essential oils except one, no resistance was observed on
subsequent days. In future experiments, I suggest that it would be beneficial to include a
greater portion of the population in subsequent passages on low levels of antimicrobials,
in order to better represent organisms with characteristics that occur at very low rates in
the population.
Based on the observed changes in CFU over time during exposure to penicillin,
these data suggest that selective pressure promotes the expansion of a resistant population
of S. aureus in the presence of sub-lethal levels of the traditional antimicrobial. Given the
low frequency of resistance to essential oils recorded and the tendency of the resistant
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population to decrease over time in the presence of low levels of the oils, I suggest that
selective pressure for tolerance to essential oils is not as prevalent as the selective
pressure apparent in the presence of traditional antibiotics. This could be due to the antimutagenic properties of the oils or a decreased ability to obtain resistance to oils
compared to traditional antibiotics due to the mechanism of cytotoxicity. Additionally,
resistance to antibiotics is often obtained via the acquisition of mobile genetic elements
from neighboring cells, and it is possible that this exchange is not possible in the presence
of plant essential oils, and the expansion of the resistant population is therefore delayed. I
believe that the power of this experiment could be improved by increasing the number of
repetitions performed, and that the current data represent compelling preliminary data
that should be considered when designing future experiments in this field. Despite the
lack of statistical significance in the measures of population growth in the presence of
antimicrobials over time, the low rate of resistance acquisition in response to essential oil
exposure makes the oils a promising alternative to traditional antibiotics in the fields of
medicine, agriculture, and food preservation. Furthermore, I encourage future
experiments which may support current findings using in vivo approaches.
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Tables & Figures:

Table 1. Growth patterns for S. aureus isolates on a concentration of antimicrobial agent
above the previously determined MIC, based on the length of exposure (in days) to sub11

lethal concentrations of the antimicrobial. “-“ indicates there was no growth observed at
the indicated concentration in any of the trials for that isolate, “+” indicates growth was
observed in all of the trials, and “+/-“ indicates that there were mixed results between
trials. Exposure to EOs was carried out for 20 days and exposure to penicillin was carried
out for 12 days.

Figure 1. Average estimated CFU/ml of three S. aureus isolates on sub-inhibitory
concentrations of various antimicrobials over a period of prolonged exposure. Bars
outlined in red are derived from samples that did not meet all of the criteria used for
estimating CFU.
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Figure 2. The amount of S. aureus that can grow on a sub-inhibitory concentration of
various antimicrobials expressed as a proportion of the total CFU/ml in the sample. CFU
estimates were generated every fourth day of 12-20 day serial exposures to sub-inhibitory
concentrations of various man-made and naturally derived antimicrobials. Points in red
represent data derived in a way that did not meet all of the criteria used for estimating
CFU (a-c). D represents compiled data of the three isolates, which were not found to be
statistically independent predictors of CFU, and error bars represent standard deviation.
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